Introduction {#sec1}
============

Since the beginning of the 21st century, the production and use of superhydrophobic surfaces has gained tremendous attention.^[@ref1]−[@ref9]^ Superhydrophobic materials and coatings are of special interest as they can be antifouling^[@ref10]^ and anti-icing/deicing,^[@ref11]^ and can possess self-cleaning properties.^[@ref12]^ Surface hydrophobicity is generally assessed by measuring the static water contact angle (SWCA). By definition, a superhydrophobic surface has an SWCA of ≥150°.^[@ref13]^ Although applying low surface energy (perfluoroalkyl-based) coatings results in hydrophobic surfaces, these coatings generally do not have SWCAs of more than ca. 123°.^[@ref14]^ In order to further increase the contact angle, and thus generate superhydrophobicity, the surface should be roughened through nano- or microtexturing.^[@ref15]^ Furthermore, in many applications, such as microfluidics and optics, the optical transmittance of materials is of utmost importance. When superhydrophobic transparent materials are required, the process of making this material superhydrophobic should, thus, not result in a major loss of transparency.

In recent years, many techniques have been developed to induce roughness. By means of, for example, laser ablation^[@ref16]^ or lithography,^[@ref17]^ highly defined micronanostructures can be obtained. Supplementing this are bottom-up methodologies in which a rough coating is, for example, obtained through spraying,^[@ref18]^ spin-coating,^[@ref19]^ chemical vapor deposition,^[@ref20]^ or nanostructuring of preformed microstructures.^[@ref21]^ Such micronanostructured surfaces are easily obtained through the growth of silicone nanofilaments (SNFs) by means of chemical vapor deposition or solution-phase deposition of trichlorosilanes or triethoxysilanes.^[@ref9],[@ref22]−[@ref24]^ SNFs are nanometer-thick randomly oriented twisted polysiloxane rods with a high surface area that can be grown from a multitude of materials.^[@ref9]^ Because of their high surface area, materials coated with SNFs are rendered superhydrophobic, while---in those cases where glass or a transparent polymer is used as support---maintaining high transparency. SNF length, surface coverage, and surface density are easily regulated by varying water concentration, silane concentration, water/silane ratio, or reaction time, which thus allows for a highly tunable one-step preparation of superhydrophobic surfaces.^[@ref9]^

Given its optical transparence and widespread use, glass is by far the most common material to grow SNFs from,^[@ref9]^ although multiple materials have been shown to support SNF formation.^[@ref23]^ Interestingly, to the best of our knowledge, substantial SNF growth from pure poly(methylmethacrylate) (PMMA) has not been reported yet, likely related to its low compatibility with a range of organic solvents. Kasapgil et al.^[@ref24]^ studied the growth of superhydrophobic SNFs on polyacrylates using MeSiCl~3~ in the gas phase and in solution, where, for PMMA, they obtained mostly spherical structures plus some nanofilaments. Easy access to superhydrophobic, functionalizable, and transparent PMMA would be highly interesting, given its widespread use in both outdoor applications and increasingly in microfluidics.

Surface activation to enhance SNF attachment is commonly achieved through air- or oxygen plasma treatment.^[@ref25]^ By doing so, the surface is enriched with a plurality of oxygen-bearing functional groups, which act as anchor points for further functionalization.^[@ref26]^ Plasma treatment is, however, not suitable for the modification of microfluidic channels because of diffusion limitations.^[@ref27],[@ref28]^ Furthermore, UV-initiated surface activation is not desirable for synthetic polymer surfaces because of yellowing and possible chain scission.^[@ref29]^ Within our group, we have recently developed a mild liquid-based oxidation/reduction strategy that allows for the surface modification of microfluidic channels and only introduces hydroxyl functionalities.^[@ref26]^ For example, oxidation of a cyclic olefin copolymer (COC) surface under Fenton-like conditions using copper(II) acetate and hydrogen peroxide results in a multitude of surface-bound oxygen moieties that are reduced to hydroxyl groups upon subsequent employment of sodium borohydride in methanol.

SNFs are most commonly grown using trichloromethylsilane, yielding a surface with minimal follow-up reactivity.^[@ref23],[@ref24]^ Although advantageous for some applications, this limits the scope of the potential use significantly because it is difficult to subsequently add tailor-made functional moieties or to apply mild yet covalent patterning. Harsh plasma treatments are typically needed to activate such a surface in order for it to be modified any further through, for example, perfluoroalkane self-assembled monolayer formation.^[@ref30]^ The use of trichlorovinylsilane for the growth of SNFs (so-called reactive SNFs) does allow for further modification through photoinduced disulfide--ene or thiol--ene click chemistry, as demonstrated by Levkin and co-workers.^[@ref31],[@ref32]^ However, unlike trichloromethylsilane-based SNFs, trichlorovinylsilane-based SNFs grown from polymer surfaces have not been reported to be intrinsically superhydrophobic (SWCA \< 135°).^[@ref31]^ Copolymerization with fluoroalkane-substituted silanes^[@ref33]^ or further functionalization is then required to generate superhydrophobicity.^[@ref31]^ To overcome this, we hereby report the one-step generation of a transparent superhydrophobic reactive PMMA surface through the formation of trichlorosilane-based (SiHCl~3~, also: trichlorohydrosilane) SNFs ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Additionally we are able to further functionalize the resulting surface through Pt-catalyzed hydrosilylation using the Si--H moieties in the SNF backbone. In this way, we produce superhydrophobic reactive SNFs grown from a polymer surface in a single step.

![Formation of Functional Superhydrophobic PMMA Surfaces: Mild Activation, SNF Formation, and Subsequent Functionalization through Pt(0)-Catalyzed Hydrosilylation](la-2018-02247r_0010){#sch1}

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

PMMA surfaces (1 × 1 cm) were either generously provided by Micronit Microfluidics or obtained from Eriks and cut to size in-house. Cyclohexane (HPLC grade) was bought at LaboScientific B.V. Copper(II) acetate (98%) was obtained from Alfa Aesar. Hydrogen peroxide (aqueous, 30%) and sodium borohydride (flakes, ≥98%) were purchased from Merck Millipore. Trichlorosilane (SiHCl~3~) (99%), Karstedt's catalyst \[0.1 M in vinyl-terminated poly(dimethylsiloxane)\], and ethylene glycol (anhydrous, 99.8%) were obtained from Sigma-Aldrich. VWR supplied *n*-hexane (99%), whereas 1*H*,1*H*,2*H*,2*H*-perfluoro-1-decene **A** (99%) and (perfluoro-*n*-hexyl)acetylene **B** (95%) were bought at ABCR. 1-Ethynyl-4-(trifluoromethyl)benzene **D** (\>98.0%) was obtained from TCI. 13,13,14,14,15,15,16,16,16-Nonafluoro-hexadec-1-yne **C** was synthesized according to a known procedure^[@ref34]^ and purified prior to use by filtering it through a small plug of silica, Celite, and magnesium sulfate (1:1:1), washing with cyclohexane and concentrating it in vacuo to obtain **C** as a colorless liquid.

Methods {#sec2.2}
-------

### PMMA Surface Activation^[@ref26]^ {#sec2.2.1}

PMMA samples (1 × 1 cm) were rinsed with cyclohexane before being sonicated (37 kHz) in cyclohexane at room temperature for 5 min. After being rinsed with cyclohexane again, the samples were dried under a flow of nitrogen and marked on the backside (nonmodified side). Copper(II) acetate (73 mg, 0.40 mmol) was dissolved in water (5 mL) in a 2.4 × 7.5 cm (*Ø* × height) vial, after which an aqueous solution of 30% hydrogen peroxide (15 mL) was added. Manual wetting of the cleaned PMMA was achieved by gently dipping it in the copper(II) acetate/hydrogen peroxide reaction mixture, after which the PMMA was placed (marking upwards) on the reaction mixture. The PMMA was gently pushed into (approximately 2 cm) the reaction mixture by means of a syringe ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_001.pdf) Figure S1). Subsequent sonication (37 kHz) of the mixture, while being allowed to warm up from room temperature to 50 °C over the course of 20 min, ensured fluid homogeneity. The yellowish PMMA was then extensively rinsed with water and dried under a flow of nitrogen. It was thereafter placed (marking downwards) on the bottom of an ethylene glycol (anhydrous, 15 mL)-filled 2.4 × 7.5 cm (*Ø* × height) vial, after which sodium borohydride flakes (100 mg, 2.64 mmol) were added. This mixture was then sonicated (37 kHz) at room temperature for 10 min and the, now colorless, PMMA was rinsed with water and sonicated (37 kHz, 30 °C, 10 min) in water in a reagent tube in which the samples were able to stand upright. Rinsing with water, drying under a flow of nitrogen followed by rinsing with cyclohexane, and again drying under a flow of nitrogen afforded activated PMMA. Samples were either stored under argon (glovebox) for later use, stored in a vacuum oven (40 °C) prior to X-ray photoelectron spectroscopy (XPS) analysis, or used in the next reaction step immediately.

### Silanization of Activated PMMA {#sec2.2.2}

In a glovebox, trichlorosilane (17.7 μL of a 0.99 M solution in anhydrous cyclohexane, 0.017 mmol, 3.5 mM final concentration) was dissolved in water-saturated cyclohexane (5 mL, 3.5 mM H~2~O) and gently shaken. One or two activated PMMA samples were placed (marking downwards) in the solution, after which the vials were tightly closed and taken out of the glovebox. After being wrapped with Parafilm, the vials were sonicated for 2 min and thereafter shaken at 110 rpm for 60 min. Cleaning of the samples was thereafter achieved by placing the samples (marking downwards) in fresh cyclohexane and subsequent shaking, after which the cyclohexane was replenished, and the vial was shaken again (repeated twice). Rinsing with cyclohexane and drying under a stream of nitrogen afforded nanofilament-coated PMMA--polysiloxane hybrids (PMMA--Si--H).

### Hydrosilylation of PMMA--Si--H {#sec2.2.3}

In a glovebox **A**, **B**, **C**, or **D** (0.45 mmol, 1 equiv) and a solution of Karstedt's catalyst in vinyl-terminated poly(dimethylsiloxane) (2 μL, 0.2 μmol, 0.0004 equiv) were dissolved in anhydrous *n*-hexane (3 mL) and shaken thoroughly. One or two PMMA--Si--H samples were placed (marking downwards) in the solution, after which the vials were tightly closed and taken out of the glovebox. After being wrapped with Parafilm, the vials were incubated (without agitation) at 40 °C for 24 h. Cleaning of the samples was thereafter achieved by placing the samples (marking downwards) in fresh cyclohexane and subsequent shaking, after which the cyclohexane was replenished and the vial was shaken again (repeated twice). Rinsing with cyclohexane and drying under a stream of nitrogen afforded fluorinated nanofilament-coated PMMA--polysiloxane hybrids (PMMA--Si--**A** to PMMA--Si--**D**).

### Hydrolytic Stability {#sec2.2.4}

A glass screw cap vial was filled with either neutral, acidic (pH 3, acidified through addition of 1 M HCl), or basic (pH 11, basified through addition of 1 M NaOH) water. A (fluorinated) PMMA--polysiloxane substrate was thereafter added to each of these vials and heated at 80 °C for 24 h. Afterward, the substrates were taken out, thoroughly rinsed with water and dried over a stream of dry argon. Further drying was achieved by storing the surfaces in a vacuum oven for 16 h. Some of the substrates used in this study were made by silanizing under static conditions rather than through agitation at 110 rpm.

### Contact Angle Measurements {#sec2.2.5}

SWCA measurements were performed on a Krüss DSA 100 drop shape analyzer. SWCAs were assessed for both 3 and 9 μL water droplets, and the drop shape was fitted according to tangent-2 fitting parameters (Krüss DSA software version 1.90.0.14) by fitting at least 10× for each droplet. Reported values are an average of SWCAs measured over multiple droplets on a surface. Sliding angles were measured by depositing a 9 μL water droplet on the surface, after which the surface was gradually tilted until the droplet fell off (reported values are averages over three or more measurements).

### Atomic Force Microscopy {#sec2.2.6}

Atomic force microscopy (AFM) images were obtained with an MFP3D AFM instrument (Asylum Research, Santa Barbara, CA). Imaging was performed in tapping mode in air. Images were flattened and the root mean square (rms) roughness was calculated from the fluctuations of surface height. By doing so, the reported rms values give an indication of surface roughness.

### Transparency Measurements {#sec2.2.7}

Visible light transmittance (transmittance %, 400--800 nm, 600 scans/min) was recorded on a Cary 50 scan UV--visible spectrophotometer (Varian) relative to the transmittance of ambient air. All reported values are averaged values of ≥2 independent measurements (multiple spots on multiple surfaces).

### X-ray Photoelectron Spectroscopy {#sec2.2.8}

Core electron binding energies were measured by recording XPS spectra on a JPS-9200 photoelectron spectrometer (JEOL). Samples were irradiated at one or more spots with an Al Kα source emitting 1486.7 eV photons, under a voltage of 12 kV through which a current of 20 mA passed, while charge compensation was applied with an accelerating voltage of 2.8 eV and a filament current of 4.80 A. Spectra were analyzed using CasaXPS version 2.3.16 PR 1.6. The C 1s peak emission was calibrated to a binding energy of 285.0 eV, and C 1s narrow scans were deconvoluted into their component peaks using Gaussian--Lorentzian sum functions having 30--70% Gaussian--Lorentzian character. Because of surface irregularity (physically and chemically) no full width at half-maximum constraints were given when fitting peaks (except for bare PMMA).

### Fourier Transform Infrared Spectroscopy {#sec2.2.9}

Fourier transform infrared (FT-IR) spectra were measured on a diamond crystal (Platinum ATR, Bruker) integrated in a Bruker Tensor 27 spectrophotometer system controlled through OPUS software (version 7.2.139.1294). All measurements were recorded with at least 16 scans and ambient air as background.

### Scanning Electron Microscopy Imaging {#sec2.2.10}

Because of excessive charging of the polymeric samples, all surfaces were sputter-coated with gold \[60 s, JFC-1300 (JEOL)\] prior to imaging. Scanning electron microscopy (SEM) imaging was performed on a JAMP-9500F (JEOL) field emission Auger microscope with a primary beam energy of 5.0 or 10.0 kV at 5000× and 10 000× magnification.

### Quantum Chemical Calculations {#sec2.2.11}

XPS O 1s peak positions were calculated for the oxygen atoms of methyl acetate using B3LYP/6-311+G(d,p) according to a previously described procedure.^[@ref35]^

Results and Discussion {#sec3}
======================

Mild PMMA Activation {#sec3.1}
--------------------

Oxidation of PMMA through peroxidative copper catalysis, as an approach towards mild activation of microfluidic channels,^[@ref26]^ led to homogenous yellowing of the PMMA surface, partially due to the presence of copper oxides. However, after sodium borohydride treatment, PMMA regained its original clarity. This mild oxidation/reduction strategy resulted in a near constant SWCA: from 72° for PMMA to 68° for activated PMMA. In addition, wide scan XPS analysis revealed only a minor overall increase in oxygen content (average of 1.0% increase, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A,B). The significant change that nevertheless had taken place at the surface was only borne out at XPS O 1s narrow scans. First of all, the O 1s peak at 532.0 eV was assigned to PMMA's carbonyl oxygen, whereas the peak at 533.5 eV was assigned to its C--O--C oxygen atom. This assignment was based on both literature^[@ref36]^ and B3LYP/6-311+G(d,p) calculations, analogous to previous DFT-based methods to assign XPS peaks, which yield a calculated difference of 1.59 eV between the binding energies of these two types of O atoms, in excellent agreement with the experimental data.^[@ref35],[@ref37]^ As can be seen in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C,D, the peak at 533.5 eV increases (on average by 8%) significantly after the oxidation/reduction sequence. For unmodified PMMA, this peak only corresponds to the C--O--C oxygen atom of its ester moiety, where, after oxidation, this peak increases because of the introduction of alcohol functional groups (C--O--H), which are expected at nearly the same binding energy (within 0.2 eV). Although the surface was significantly altered chemically, this activation procedure barely changed the surface topography: \<1.0 nm change in roughness; compare [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_001.pdf) Figures S2 and S3.

![XPS wide scans of (A) bare PMMA and (B) activated PMMA. XPS O 1s narrow scans of (C) bare PMMA and (D) activated PMMA.](la-2018-02247r_0001){#fig1}

Silanization of Activated PMMA Using SiHCl~3~ {#sec3.2}
---------------------------------------------

Because of the presence of a reactive handle, we could now further functionalize the PMMA surface through silanization. Again building on the work regarding COC modification,^[@ref26]^ we initially envisioned the formation of a thin polysiloxane layer prepared from SiHCl~3~ to allow for further functionalization through hydrosilylation. To our surprise, however, silanization of activated PMMA using SiHCl~3~ resulted in a hydrophobic surface with a SWCA of approximately 130°. The silanization conditions employed that led to this dramatic increase in SWCA were directly copied from the work regarding COC modification in which silane concentrations were high and the water concentration was not regulated. It is, however, well known that the degree of water is of utmost importance for satisfactory surface silanization, as high concentrations will lead to the formation of (insoluble) homopolymers, whereas too low concentrations limit surface-grafted polysiloxane formation.^[@ref38],[@ref39]^ Based on the conditions employed for the formation of trichloromethylsilane-based SNFs, water and SiHCl~3~ were hereafter used in equal concentrations.^[@ref23]^ As can be seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, controlling the trichlorosilane concentration (3.5 mM) and performing the reaction in water-saturated cyclohexane (3.5 mM)^[@ref40]^ resulted in the reproducible generation of superhydrophobic PMMA--polysiloxane hybrids \[PMMA--Si--H, SWCA (9 μL droplets) = 153--159°\]. Water droplets (3 μL) did not adhere to the PMMA--Si--H surface (Supporting Information [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_002.zip)) and in some cases this was also observed for 9 μL droplets.

![PMMA--Si--H resulting from silanization using 3.5 mM SiHCl~3~ in water-saturated cyclohexane (3.5 mM H~2~O). (A) Representative image of a 9 μL water droplet on PMMA--Si--H (SWCA = 158°). (B) SEM image depicting a homogenous porous layer of condensed fibers. (C) SEM image depicting a strand of polysiloxane fibers (indicated by an arrow) spanning a, locally porous, patch of denser fibers. (D) SEM image of a newly initiated fiber network surrounded by more mature (denser) networks (SWCA = 151°).](la-2018-02247r_0002){#fig2}

These superhydrophobic surfaces were, furthermore, characterized by ultralow water sliding angles; all modified surfaces exhibited sliding angles of \<1° (Supporting Information [Movie S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_003.zip)). Even small defects, induced by scratching, for example, did not exert large effects on the sliding angle (sliding angles remained \<15°). XPS analysis revealed that, after silanizing for 1 h, the supporting PMMA layer could not be detected anymore ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A), indicating a dense polysiloxane network of at least 10 nm thickness (approximate maximum attenuation length of emitted electrons). Concomitantly, a strong infrared (IR) signal at ν̅ = 2251 cm^--1^ corresponding to an O~3~Si--H stretching vibration was observed as clear indication of successful silanization ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B,C).

![(A) XPS wide scans of PMMA--Si--H and IR spectra of (B) activated PMMA and (C) PMMA--Si--H.](la-2018-02247r_0003){#fig3}

Despite the presence of a thick polysiloxane coating, PMMA--Si--H proved to be highly transparent. The loss in optical transmittance of PMMA--Si--H compared to PMMA is, on average, limited to \<2% over the entire visible light range (400--800 nm), with a maximum loss of 4% at 400 nm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). The modified surfaces are thus still highly suitable for photochemical and optical experiments, which is of particular interest to the microfluidics industry.

![Visible-light transmittance relative to air of (A) bare PMMA and (B) PMMA--Si--H. (C) Photograph of a highly transparent PMMA--Si--H surface with a 9 μL water droplet deposited on it.](la-2018-02247r_0004){#fig4}

In order for the surface to become superhydrophobic, silanization must have induced some form of roughness.^[@ref15]^ The origin of this roughness might be mere deposition of SiHCl~3~-based polysiloxane nanoparticles, for example. To determine the roughening mechanism, we initially performed AFM studies on the superhydrophobic PMMA--polysiloxane hybrid. However, the dragging motion of the AFM tip induced artificial wells and peaks, most likely due to large differences in height between actual wells and peaks of the PMMA--Si--H surface (data not shown).^[@ref41]^ SEM imaging provided a better picture of surface architecture ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B,C). The dense nature of the polysiloxane layer, as was hypothesized after XPS analysis, was confirmed through SEM imaging, as a homogenous porous layer of condensed fibers was visible ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). This fibrous structure became even more clearly visible in areas with larger pores. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C displays a strand of polysiloxane fibers spanning a, locally porous, patch of denser fibers. By silanizing the activated PMMA surface for a shorter period of time, initiation of the fibrous network from the flat surface could be visualized. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D depicts one of these initiation sites in which the network is growing outward. We therefore hypothesize that silanization is initiated locally from activated PMMA, and initial fiber growth occurs in a one-dimensional fashion. In addition, such fibers sporadically spawn cross-linking fibers in the second dimension, after which gradual growth and thickening of multiple networks results in complete surface coverage. Growth of polysiloxane fibers has been observed before; Seeger and co-workers have named these fibers silicone nanofilaments.^[@ref23]^ These SNFs are commonly prepared from small monoalkyl-functionalized silanes bearing three hydrolyzable groups, such as trichloromethylsilane.^[@ref23],[@ref24]^ However, the use of trichlorosilane (SiHCl~3~) for the growth of SNFs has, to the best of our knowledge, not been reported before, while this presents a unique example of single-step superhydrophobization through SNF formation with a silane that does not bear any hydrophobic (hydrocarbon or fluorocarbon) moieties.

Although full surface coverage was not achieved for the surface depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D, the surface did prove to be superhydrophobic (SWCA = 151°). This is, however, not always reproducible as some surfaces that had undergone the same treatment did not become superhydrophobic. A thicker homogeneous layer is thus preferred. Formation of such a layer furthermore eases analysis as carbon from PMMA could no longer be observed after SNF growth ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_001.pdf) Figure S6B).

Silanization of nonactivated PMMA revealed the importance of the employed oxidation/reduction sequence. By comparing the O~3~Si--H stretching vibration (ν̅ = 2251 cm^--1^) after silanization to PMMA's C=O stretching vibration (ν̅ = 1724 cm^--1^, signal intensity consistent before and after silanization), a reasonable estimate of the degree of silanization could be made. This ratio proved to be three times as larger for PMMA--Si--H that had been activated through oxidative copper catalysis prior to silanization, than for nonactivated PMMA. The significance of prior surface activation to enhance SNF growth has been addressed before by Seeger and co-workers.^[@ref42]^ This observation thus confirms the advantage provided by nondestructive strategies as we employed here to activate delicate polymers like PMMA.

Pt-Catalyzed Functionalization of PMMA--Si--H {#sec3.3}
---------------------------------------------

The presence of reactive Si--H moieties on the PMMA--Si--H surface allows for further functionalization of SNFs through hydrosilylation. Reactive SNFs grown from a polymer surface that have been reported up to date are based on trichlorovinylsilane, which prove not be intrinsically superhydrophobic.^[@ref31]^ Superhydrophobicity could, in those cases, only be achieved through subsequent high-energy light-triggered (260 nm) thiol--ene chemistry. Previous work regarding hydrosilylation of hydrocarbon polymer--polysiloxane hybrids used light-triggered Si--H bond breaking.^[@ref26]^ Such a UV light-based approach would fail in the case of PMMA, as this absorbs UV light itself, leading to yellowing and/or chain scission of the PMMA support layer.^[@ref29]^ We therefore aimed to expand the scope of Si--C bond formation by employing (thermally activated) Pt catalysis rather than photochemistry. For this, we hypothesized that the use of low concentrations of Karstedt's catalyst (proposed structure: Pt(0)~2~\[(Me~2~SiCH=CH~2~)~2~O\]~3~) might allow hydrosilylation without the presence of phenylsilanes in the polysiloxane backbone.^[@ref26]^

As a proof-of-principle, we have used four alkenes and alkynes (**A--D**, [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}) with different reactivities and degrees of fluorination to perform hydrosilylation reactions with, as these would allow for easy detection through C 1s and F 1s XPS analysis because of a high degree of fluorination.

![Fluorinated Alkenes and Alkynes (**A--D**) Used for Hydrosilylation](la-2018-02247r_0011){#sch2}

As expected, all surfaces functionalized with **A**, **B**, and **C** (PMMA--Si--**A**, PMMA--Si--**B** and PMMA--Si--**C**) remained superhydrophobic after hydrosilylation \[SWCA (9 μL) **A**: 155°, **B**: 157°, and **C**: 157°\]. As for PMMA--Si--H, for all these modified surfaces, the sliding angles proved to be extremely low (\<1°). Alkyne **D** is of special interest because it is the most reactive, but also a very challenging reagent because PMMA is known to dissolve in (structurally highly similar) toluene.^[@ref43]^ Its use indeed led to surface functionalization, but also to yellowing and cracking of the surface (results not shown). Research was therefore continued with compounds **A** to **C**.

XPS analysis of PMMA--Si--**A** to PMMA--Si--**C** proved the success of hydrosilylation via the appearance of a distinct F 1s peak at 688 eV ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). As can be seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D, hydrosilylation of **A** results in far less fluorine (F/Si = 0.7) on the surface than hydrosilylation of **B** (F/Si = 1.9) and **C** (F/Si = 1.4) does. Furthermore, the introduction of a unique element (fluorine) allowed for a relative comparison of the quantitative success of hydrosilylation between **A**, **B**, and **C**. By calculating the F/Si ratio and dividing that by the amount of fluorine atoms in the respective alkyne/alkene, we can qualitatively derive the relative reactivity of **A** to **C** ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}E). As expected, **A** was the least reactive, whereas alkynes **B** and **C** proved to be equally reactive, even though **B** bears strongly electron-withdrawing fluorine atoms in close proximity to the reactive alkyne.

![Result of Pt-catalyzed hydrosilylation (24 h); XPS wide scans of (A) PMMA--Si--**A**, (B) PMMA--Si--**B**, and (C) PMMA--Si--**C** (for area % see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_001.pdf) Figures S7--S9). (D) XPS-derived F/Si ratio and (E) XPS-derived F/Si ratio divided by the number of fluorine atoms per respective molecule **A--C**.](la-2018-02247r_0005){#fig5}

Conversion of Si--H moieties could be confirmed using IR spectroscopy as the signal at ν̅ = 2251 cm^--1^ was substantially smaller after hydrosilylation in all cases ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). As only the exterior of the thick and dense polysiloxane network is likely to be chemically accessible, Si--H moieties that are buried within this network were not converted, hence the observation of the respective IR signal after hydrosilylation. Even oxidation of some residual (exterior) Si--H moieties during storage or use will not be of substantial influence to material properties, for example SWCA, as the formed Si--OH moieties will be shielded by a layer of fluoroalkanes/alkenes.

![IR spectra of PMMA--Si--R compared to that of PMMA--Si--H with the signal at ν̅ = 2251 cm^--1^, corresponding to O~3~Si--H, highlighted in green.](la-2018-02247r_0006){#fig6}

Hydrosilylation results in only a small average reduction in optical transmittance compared to PMMA--Si--H over the entire range of visible light (PMMA--Si--**A** \< 4%, PMMA--Si--**B** \< 4%, and PMMA--Si--**C** \< 2%), so also the fluorinated PMMA--polysiloxane hybrids are highly suitable for photochemical and optical experiments ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).

![Visible light transmittance relative to air of (A) PMMA--Si--**A**, (B) PMMA--Si--**B**, and (C) PMMA--Si--**C**.](la-2018-02247r_0007){#fig7}

It could be shown that the nanofilamentous coating is stable under the derivatization conditions as the XPS-derived O/Si ratios (1.1--1.3) obtained for the PMMA--polysiloxane hybrids are comparable to that of PMMA--Si--H. An increase of the O/Si ratio would have indicated that the PMMA support would become visible by XPS, so apparently the SNFs do not break and leach out. Finally, SEM imaging confirms that hydrosilylation does not affect the polysiloxane topography ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_001.pdf) Figure S10).

Hydrolytic Stability of PMMA--Polysiloxane Hybrids {#sec3.4}
--------------------------------------------------

Apart from assessing whether the polysiloxane network was affected by hydrosilylation, we also evaluated the chemical stability of the material during use. The functionalized PMMA--polysiloxane hybrids should be able to withstand harsh hydrolytic conditions in order for them to be used effectively in microfluidic devices employing aqueous solutions. Their hydrolytic stability was assessed by heating PMMA--Si--**A** and PMMA--Si--**C** at 80 °C at neutral pH, under strongly acidic conditions (pH 3) and under strongly basic conditions (pH 11), and measuring their SWCA afterward ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). It could be shown that both surfaces were extremely stable in neutral water as their SWCA was not altered after 24 h. Although their SWCA dropped considerably after being treated at pH 3, both PMMA--Si--**A** and PMMA--Si--**C** remained hydrophobic (SWCA = 103° ± 8° and 132° ± 6°, respectively). The effect of strongly basic conditions proved to be more profound as the SWCA of PMMA--Si--**A** dropped to 90° ± 5° and that of PMMA--Si--**C** to 77° ± 6°.

![SWCA of (fluorinated) PMMA--polysiloxane hybrids before and after being heated in water at three different degrees of acidity (80 °C, 24 h) as a measure for hydrolytic stability. Error bars indicate standard deviations of SWCA measured by fitting at least 10 times (tangent-2) for at least two droplets on a single surface.](la-2018-02247r_0008){#fig8}

Hydrosilylation proved to be essential for preventing hydrolytic degradation of the polysiloxane layer as the SWCA of PMMA--Si--H dropped to 82° ± 5° upon heating it in neutral water at 80 °C for 24 h ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). At these high temperatures, the Si--H moieties of PMMA--Si--H are expected to be converted to polar Si--OH moieties, which thereby contribute to a lowering of the material's SWCA. A similar trend is observed for acid- and base-catalyzed hydrolysis, as PMMA--Si--H becomes far more polar (61° ± 8° and 43° ± 4°, respectively) than the fluorinated PMMA--polysiloxane hybrids do upon hydrolysis. A highly apolar, fluorine-rich overlayer thus enhances stability, likely by hindering water from penetrating toward the polysiloxane backbone.

Hydrolytic stability could also be confirmed through XPS measurements as the spectra were practically identical before and after heating PMMA--Si--**A** and PMMA--Si--**C** at 80 °C in neutral water ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_001.pdf) Figure S12). The stability is most characteristically borne out by appreciating that the O/Si ratio had barely been altered ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A; PMMA--Si--**A**/**C**; 1.2--1.4, PMMA--Si--**A**/**C** before; 1.1--1.3), which indicates minimal Si--O bond cleavage. Additionally, minimal changes in the percentage of surface-bound fluorine ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B; \<10% difference before and after heating) prove that the fluorine-rich overlayer stays intact. Although acidic hydrolysis of both PMMA--Si--**A** and PMMA--Si--**C** resulted in a considerable loss of hydrophobicity, chemically, their surfaces remained intact remarkably well (O/Si ratio = 1.4 and \<10% difference in the percentage of fluorine for both materials). Upon basic hydrolysis, the O/Si ratio increased significantly (3.1 and 6.7, respectively) and the percentage of fluorine was approximately halved, which is in line with the significant loss of hydrophobicity for both PMMA--Si--**A** and PMMA--Si--**C**.

![(A) XPS-derived oxygen/silicon ratio and (B) XPS-derived percentage of surface-bound fluorine of (fluorinated) PMMA--polysiloxane hybrids before and after being heated in water at three different degrees of acidity (80 °C, 24 h) as a measure for hydrolytic stability.](la-2018-02247r_0009){#fig9}

Finally, SEM imaging confirmed SNF viability as the topography of both PMMA--Si--**A** and PMMA--Si--**C** had not been altered upon either heating the material at pH 3 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_001.pdf) Figure S14), nor upon heating it in neutral water ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_001.pdf) Figure S15). As expected, basic hydrolysis resulted in a significant loss of the nanofilamentous coating ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_001.pdf) Figure S16). It concomitantly resulted in degradation of the PMMA support, which is apparent from the formation of micrometer-sized dents.

Conclusions {#sec4}
===========

We report here on the formation of intrinsically superhydrophobic reactive SNFs grown from a polymer surface. A mild oxidation/reduction strategy using Cu(II)/dilute H~2~O~2~-based surface activation followed by reduction using sodium borohydride resulted in PMMA with a reactive handle to grow SiHCl~3~-based SNFs from. Such SNFs proved to be intrinsically superhydrophobic, even though the monomeric silane lacks any hydrophobic moiety. The resulting densely packed fiber network contains many reactive Si--H moieties that could be functionalized through Pt-catalyzed hydrosilylation with 1-alkenes or 1-alkynes. Such PMMA--polysiloxane hybrids remained highly optically transparent after both silanization and hydrosilylation. Hydrosilylation, furthermore, proved to induce hydrolytic stability to the material as the fluorinated hybrids remained superhydrophobic upon hydrolysis (24 h) in water at temperatures up to 80 °C. High transparency and hydrolytic stability make PMMA--polysiloxane hybrid surfaces suitable for further use, for example, in a wide variety of microfluidic devices for optical and photochemical experiments.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.langmuir.8b02247](http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.8b02247).Depiction of oxidation setup, additional AFM and SEM data, and XPS spectra for all surfaces ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_001.pdf))Nonadhesive behavior of water droplets ([ZIP](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_002.zip))Depiction of \<1° water sliding angles ([ZIP](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b02247/suppl_file/la8b02247_si_003.zip))
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